We have developed semi-automated and fully-automated tools for the analysis of 3D single-photon emission computed tomography (SPECT) images. The focus is on the efficient boundary delineation of complex 3D structures that enables accurate measurement of their structural and physiologic properties. We employ intensity based thresholding algorithms for interactive and semi-automated analysis. We also explore fuzzy-connectedness concepts for fully automating the segmentation process. We apply the proposed tools to SPECT image data capturing variation of gastric accommodation and emptying. These image analysis tools were developed within the framework of a noninvasive scintigraphic test to measure simultaneously both gastric emptying and gastric volume after ingestion of a solid or a liquid meal. The clinical focus of the particular analysis was to probe associations between gastric accommodation/emptying and functional dyspepsia. Employing the proposed tools, we outline effectively the complex three dimensional gastric boundaries shown in the 3D SPECT images. We also perform accurate volume calculations in order to quantitatively assess the gastric mass variation. This analysis was performed both with the semi-automated and fully-automated tools. The results were validated against manual segmentation performed by a human expert. We believe that the development of an automated segmentation tool for SPECT imaging of the gastric volume variability will allow for other new applications of SPECT imaging where there is a need to evaluate complex organ function or tumor masses.
INTRODUCTION
Visualizing complex structures such as complete organs, organ systems and body parts has always been of critical importance in medicine. Modern image acquisition modalities have made available high precision medical visualizations 1 . Large amounts of medical images (CT, MR, fMRI, PEC, SPECT etc.) are collected on a daily basis in hospitals and institutions around the world. Computer reconstruction and rendering of multidimensional medical data has assisted physicians during crucial procedures, such as surgery, diagnosis and treatment. In particular, innovative 3D imaging capabilities provide fascinating new insight for understanding the assembly of human anatomy and function [2] [3] . As a consequence, medical researchers seek to develop minimally invasive or noninvasive interventions, using modern imaging tools, in order to trace and cure diseases as well as detect structure to function relationships. These techniques result in reducing patient risk, minimizing physical pain, avoid invasive complications and reduce healthcare costs. For this purpose, effective quantitative analysis of medical image data is required in order to accurately measure and estimate physiological as well as functional parameters of the visualized organ structures. This need introduces the challenge of developing advanced computing tools for the efficient management and specialized processing of medical image data [4] [5] . An image acquisition technique that has become a routine procedure in most nuclear medicine departments is Single Photon Emission Computed Tomography (SPECT) [6] [7] , which acquires 3D information on the concentration of radionuclides introduced to the body. The image scanning procedure is performed with a gamma camera rotating around the patient, obtaining pictures from many angles, which a computer uses to form a tomographic (cross-sectional) image. The calculation process is similar to that in X-ray Computed Tomography (CT) and in Positron Emission computed Tomography (PET). With this imaging technology a 3D representation of an organ structure can be acquired and rendered, providing real 3D volume visualization. SPECT imaging has also the advantage that out-of-plane information is removed during image reconstruction. It has been demonstrated with tools operating on SPECT image data that there is great potential of quantifying physiological structures and functions, such as tumor volume assessment, cardiac function and radioisotope uptake [8] [9] [10] . To explore this promising direction, innovative and widely applicable tools that integrate precise image segmentation, 3D reconstruction and structure quantification need to be introduced.
In this paper, we present a novel software tool for the analysis of 3D SPECT data. We implement semiautomated and fully-automated techniques for the accurate delineation of complex organ structures acquired by SPECT imaging. We provide tools for 3D reconstruction based on the segmented 2D transaxial images. We also integrate methods for quantifying physical or functional parameters, such as volumetric calculations, and provide a graphical interface for the presentation of corresponding quantitative statistics. We validate the applicability of our software by applying it to SPECT image data collected during a study on the symptoms of functional dyspepsia 11 . We compare our results to those obtained by manual (interactive) image analysis performed by a human expert. We show that our software achieved up to 97% accuracy both in delineating the boundaries of the stomach and performing volumetric calculations. This work illustrates the great potential of developing an automated analysis tool for SPECT imaging in order to assist medical procedures where there is a need to evaluate complex organ function or tumor masses.
BACKGROUND
The development of computer tools for 3D medical image analysis and the advancement of computer vision techniques have made possible the visualization, measurement and interactive manipulation of volumetric data relevant both to diagnostic imaging and anatomy 12 . Some widely used software systems are the Analyze AVW software developed by Mayo clinic 13 and the Image J software which is publicly available by NIH 14 . MUSE is also a tool implemented for interactive medical image analysis based on multivariate statistics 15 . In particular, SPECT imaging has been utilized for recent brain image studies 11, 16 , for quantifying hear functionality 9 and performing stomach volume calculations 17 . Nevertheless, SPECT image analysis has not been applied routinely to quantify more complex shaped human organs with varying cross sectional diameters.
In general, SPECT acquires 3D information on the concentration of radionuclides introduced to the body. SPECT imaging involves the rotation of a gamma ray detector around the body to acquire data from multiple angles. Using this technique, the position and concentration of radionuclide distribution can be determined. SPECT imaging has been used to provide both anatomical and functional information. SPECT significantly improves image contrast over planar imaging and has the ability to separate overlapping structures. SPECT acquisition is performed by rotating or stepping the gamma camera around the patient while acquiring data into the digital matrix of a computer at all angles sampled [6] [7] . Several approaches have been proposed to reconstruct the transaxial images from these multi-angle data 18 . A critical issue when analyzing raw SPECT image data in order to quantify physiological or functional parameters is to segment organ structures or general Regions of Interest (ROIs) in the image 19 . For this purpose, manual approaches have been proposed for volume delineation in 3D SPECT data 20 . More advanced semi-automated techniques based on thresholding the voxel (volume element) intensity have been implemented as well [21] [22] . In current medical practice though, due to the large number of SPECT data collected in various studies and diagnosing centers, there is a need to develop integrated fully-automated methods for this type of analysis. In the general medical imaging field, concepts from fuzzy-connectedness have been recently explored in order to develop fully-automated solutions for image data analysis [23] [24] . Nevertheless, tools for fully-automated analysis of 3D SPECT images are not currently available. Physicians world wide would benefit largely from widely available tools that provide both interactive and fullyautomated options for visualization, segmentation and quantitative estimation of physiological/functional parameters in SPECT imagery.
The concept of fuzzy-connectedness was first introduced by Rosenfeld in 1979 25 . It can be utilized to deal with the spatial vagueness when the spatial entities of data do not have homogeneous interiors and sharply boundaries. It has been shown 24, 26 that if what distinguishes structures in images are not the exact values assigned to pixels but rather some textural property (as in the case of tissue boundaries in human organ structures), then fuzzy-connectedness can be usefully employed to achieve segmentation. In an image segmentation framework introduced by Udupa 27 , fuzzy affinities are assigned to the target data object during the classification. The affinity between a pair of pixels is defined as a weighted function of their adjacencies in the coordinate space, the intensity space, and the intensity gradient space. In a recent work, Herman and Carvalho 28 generalized the concept of fuzzy-connectedness. For a finite set of data points, the strength of the link from one point to another is defined as the reciprocal of the distance between them.
In this paper, we present a novel software tool for the analysis of 3D SPECT data. We implement semiautomated and fully-automated techniques for the segmentation of complex 3D structures visualized by SPECT imaging in several fields of medical practice. We also integrate capabilities for the accurate measurement of their structural and physiologic parameters. A significant contribution of our work is that we explore fuzzy-connectedness concepts to fully automate the segmentation process. In the rest of the paper we describe in detail the implemented techniques, we illustrate the operational features of the software and present the experimental results obtained from applying our proposed tools to gastric accommodation/emptying SPECT images.
METHODS
We have developed interactive, semi-automated and fully-automated tools for 3D SPECT image analysis. The 3D SPECT images are processed on 2D transaxial basis. 3D reconstruction is performed after all the transaxial slices have been analyzed. The focus is to perform accurate delineation of the boundary of complex structures acquired by modern SPECT imaging modalities. We also integrate methods for estimating physiological and functional parameters of the segmented organ structures. An efficient user interface has been designed allowing the user to select among the different options of manual, semi-automated and fully-automated analysis. The implementation of the software tool has been performed in MATLAB Version 6.1.0.450 Release 12.1 on a two Pentium III Xeon processor workstation with 1 Gigabyte of RAM running Windows XP.
For interactive processing, a region of interest (ROI) is delineated manually on each individual transaxial image. Thresholding is further applied using minimum and maximum voxel intensity values to refine the manual segmentation on each 2D image ( Fig. 1.a.) . When using the semi-automated option, all transaxial slices are processed simultaneously without manual ROI delineation. Thresholding can be applied either on selected individual 2D images or on all the transaxial slices of the 3D SPECT image operating in a batch mode (Fig. 1.b) . Modifications to the threshold levels are allowed either simultaneously to all slices or to individual slices. Reconstruction of 3D complex organ structures is performed from the 2D transaxial segmented images (Fig. 1) . The software makes available advanced 3D visualization from various angles. Estimation of physiological and functional parameters, such as volumetric calculation, is performed and statistics of parameter variability as a function of time are illustrated both in quantitative and graphical form. Mapping to specific metric units can be applied by the user. To fully automate the proposed 3D imaging tool, we have developed advanced segmentation techniques that use the concept of fuzzy-connectedness 28 . The main idea in fuzzy-connectedness is to assign to every pair of voxels, x, y, in the 3D image a real number between 0 and 1. This number defines the fuzzy-connectedness of x to y and is utilized to denote the strength of the link between x and y. The segmentation algorithm begins with a given set of seed voxels (points), having at least one seed point in each separate 3D structure. These seed-voxels require prior knowledge about the domain. They can be either manually defined by an expert for each individual SPECT image or automatically selected by a computer algorithm trained on a specific type of medical study. The automatic segmentation process utilizes the strength of fuzzy-connections between voxels to construct a structure. Each voxel is assigned to the structure having a partner voxel with the highest fuzzy-connectedness value. The strongest connection is detected first, and the process repeats until the weakest connection is calculated. In that sense, the grade of membership in an organ structure of an arbitrary voxel is its fuzzy-connectedness to a pre-defined seed voxel. A sequence of voxels is called a chain, where its links are the ordered pairs of consecutive voxels in the sequence. The strength of a chain is the length of its weakest link. The segmented organ structure is defined by the number of voxels that are connected through a chain to the selected seed voxel of the structure. Several basic concepts used in fuzzy-connectedness segmentation (FCS) are presented below. 
Given the above definitions, the process of segmentation using fuzzy-connectedness is to find the mapping of K-FCS on image D which is deduced from the calculation of fuzzy affinities between pairs of voxels. At the end of this process, each voxel c will be assigned to a certain object based on its K-FCS vector: if = , then voxel c belongs to object k. To achieve a good segmentation result, the definition of the fuzzy affinity function is very essential; one can include the statistical information of each object to make the result more reliable. In our tool, we utilize the information about the intensity difference between neighboring voxels in the objects to calculate the fuzzy affinity function for each pair of voxels. Let E(c, d) be the intensity difference between c and d, and M k and S k be the mean and standard deviation of the intensity difference between every pair of voxels already assigned to object U k . The fuzzy affinity of (c,d) regarding object U k is defined as:
In the definition above, is the probability density function of a Gaussian distribution with mean M k and standard
To implement the approach, we use the multi-seeded segmentation algorithm proposed by Herman and Carvalho 28 . This algorithm starts with an initialization process. For every voxel, its fuzzy mapping vector is initialized with zeros. In the later part of the algorithm, the values in the mapping vectors are used to decide the memberships of the voxels. For each seed point c chosen for object U k , in its mapping vector is set to 1. A heap data structure is used to temporarily contain the unlabelled voxels and it is set to empty at the beginning. Starting with seed points, all the objects try to expand. The strength of the linkage of each unassigned voxel to an object is the strength of a chain (path) that connects this voxel to one seed point in that object. After all the fuzzy affinities are calculated, we get the K-FCS for the 
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T e implemented tools and evaluate their p techniques to SPECT image data in order to accurately outline the complex three dimensional boundary of the stomach and perform volumetric analysis. The 3D SPECT image data were collected during a study aiming to probe associations between gastric accommodation/emptying and functional dyspepsia 11 . It has been shown that the majority of patients with functional dyspepsia have either delayed stomach emptying or abnormal proximal gastric accommodation after a meal. The clinical focus was to develop a noninvasive scintigraphic test that measures simultaneously gastric emptying and gastric volume after ingestion of a solid or a liquid meal. Here, the proposed tool is utilized to accurately outline the boundary of the stomach and calculate the volume changes after the ingestion of a solid or liquid meal.
More specifically, we utilized the proposed software to delineate the stomach boundaries and measure gastric accommodation after ingesting a radiolabelled egg sandwich, the meal conventionally used for gastric emptying tests. To determine baseline gastric dimensions, the stomach was imaged both in a left anterior oblique (LAO) planar projection followed with SPECT imaging 20 min after intravenous administration of 5 mCi 99m Tc-pertechnetate. After ingestion of 300 µCi 111 Indium-oxine labeled egg sandwich, dual isotope imaging assessed both gastric dimension (with both LAO planar projection and SPECT imaging) and gastric emptying every 20 min up to 240 min after ingestion of the egg meal. In total, for every subject a 3D SPECT image was acquired for the baseline and each of these 11 20-minute interval phases.
Initially, the manual segmentation option was utilized by a human expert to interactively delineate the boundary of the stomach for 3 subjects at each phase of the gastric accommodation/emptying experiment. Thresholding was applied to refine the interactive segmentation. The human expert also applied the semi-automated technique to process all transaxial slices belonging to the same 3D SPECT image. 3D reconstruction of the stomach was performed after all the transaxial slices were processed. Gastric accommodation was estimated for each phase of the experiment based on the total number of voxels constructing the 3D stomach structure. Statistics for the volume variability were obtained in order to observe changes in gastric functionality over the phases of the experiment. Table 1 includes the exact gastric volume calculations (in total number of voxels) for two patients and one control subject. Comparison was performed between the interactive approach applied by the human expert and the semi-automated technique. As Table 1 illustrates, the results obtained using the semi-automated tool were very close to the ones calculated using the manual segmentation. This verifies that our software operates accurately in the semi-automated (batch) mode and can provide analysis results very similar to those obtained by interactive processing, while effectively reducing processing time and human interaction. Figure 2 illustrates the comparative 3D SPECT image reconstruction performed after manual and semiautomated segmentation were applied for the same patient (Patient1) as well as the corresponding statistics of the gastric accommodation variability as a function of time over the phases of the experiment. It is clearly illustrated that the semiautomated techniques performs quite accurate segmentation as well as volumetric estimation when compared to the manual approach. To quantify the segmentation accuracy, two metrics were used to compare the semi-automated and the fullyutomated techniques versu a c ed as the ground truth. More specifically, the Detection Rate (DR) metric calculates the fraction of the voxels belonging to the manually segmented structure that are indeed selected as well by the automated algorithm. The False Positive (FP) metric calculates the fraction of the voxels selected by the automated technique and do not belong to the manually segmented organ. For comparing the segmentation performance we focus on the transaxial slices of the 3D SPECT image cquired from the control subject at the 0 min time interval of the gastric accommodation emptying experiment. Table 2 strate a illu s the results obtained for each transaxial slice of the 3D SPECT image when comparing the semi-automated (batch) approach to the interactive segmentation. The overall DR performance of the semi-automated approach reached almost 97% while having on the average 4% false positives FP. We also evaluated the fully-automated fuzzyconnectedness approach by comparing it to the manual segmentation for the same control subject at the 0 min time interval. For initializing the fuzzy-connectedness algorithm two objects are defined in each 2D image and 5-8 seed points are selected. The process returns the target segmented organ structure and the corresponding background. Table 3 illustrates the results obtained for each transaxial slice of the 3D SPECT image when comparing fuzzy-connectedness to the interactive segmentation. As we can see the overall accuracy of fuzzy-connectedness reached almost 93% while having on the average 6% false positives. results obtained from applying the semi-automated and the fully-automated techniques are in both cases ery good, having also the advantages that minimal human interaction is required and processing time is greatly reduced. igure 3 visualizes the 3D SPECT image reconstruction performed after applying each approach. According to the DR and FP . The v F metrics, the semi-automated segmentation seems to perform slightly better than fuzzy-connectedness. However, the semi-automated approach seems to be less robust. The detection rate (DR) can be as high as 100% and as low as 78.5%, while false positives (FP) can also be as high as 25%. This effect is illustrated in Figure 3 , where the visualization of the reconstruction acquired by applying fuzzy-connectedness (Figure 3.c) is closer to the ground truth than the one acquired by the semi-automated approach (Figure 3.b) . One reason that could justify the overall comparative advantage of the semi-automated approach is the size of the organ structure. Since fuzzy-connectedness segmentation utilizes statistical information during the segmentation process, if the object is too small, it is possible for the algorithm to decide the label of the boundary pixels before meaningful statistical information of each object has been collected. As a result, there may be more false dismissals and false positives. In Table 3 , the detection rates for slices 7 and 8 are comparatively worse because these two slices have only 67 and 42 pixels in the stomach structure. To further improve the efficiency, a more sophisticated fuzzy affinity function is required. The selection of seed points is also a factor that can be quite crucial, especially in applications of SPECT image analysis where advanced expert knowledge is required to indicate such initialization parameters. Finally, the quality of the image becomes a critical aspect when applying fully-automated analysis techniques. 
